This study is based on finite element analyses performed by PLAXIS code to investigate the feasibility of modeling the effect of DCM (Deep Cement Mixing) columns in two dimension by a newly proposed method namely 'Replacement Weighted Area'. The results of new method have been compared with the existing method of 'Same Area Replacement Ratio' as well as with field observations. It has been found that the 'Replacement Weighted Area' in plane strain element has provided reasonable predictions. In addition, a parametric study of the stability of geotextile-reinforced soil was performed in different layers of embankment with factors like the effects of tensile stiffness, number and length of reinforced layer. It has been observed that vertical settlements and lateral displacements have been reduced with increasing in tensile stiffness, number and length of reinforcement. However, over certain thresholds, number and length of geotextile did not enhance significant settlements and lateral displacements.
Introduction

Background
Numerical simulations by means of the Finite Element Method (FEM) have been a valuable tool to predict and understand the behavior of complex structures and extensive research has been recently carried out in geotechnical engineering, Duncan et al. (1988) , Bransby et al. (1996) , Woodward et al. (2001) , Salgado et al. (2004), and Comment et al. (2004) . FEM analysis has been employed some researchers for only the purpose of simulating the centrifuge tests to illustrate that the DCM column is likely to be failed by bending (Inagaki et al. (2002) ; Kitazume et al. (2000) and Miyake et al. (1991) . Tam et al. (2005) has measured and plotted results from centrifuge test of Inagaki et al. (2002) to calibrate the FEM analysis. A research conducted by Navin et al. (2005) has shown that the 'Same Area Replacement Ratio (Same, a s )' matches very much with the three dimensional analysis than using the 'Same Moment of Inertia (Same I c )' in plane strain analysis.
A new method named as 'Replacement Weighted Area (RWA)' has been investigated in this study. This method has been employed in plane strain element to evaluate the effect of DCM column using two dimensions PLAXIS computer programs. The results of proposed method have been compared with the 'Same Area Replacement Ratio' in plane strain element as well as with field observation.
In this study, the finite element method by PLAXIS software has also been used to investigate the effects of geosynthetic (geotextile) in the different layers of embankment.
한국방재학회논문집, 제12권 3호 2012년 6월
This element needs only an axial stiffness, AE, where A is the cross-sectional area per unit width and E is the modulus of elasticity of the material. The axial stiffness was obtained from air tensile test, which was performed by Prempramote (2005) .
Geosynthetic materials are used widely in the embankment to increase stability of structure (Giroud (1982) ; Bergado and Teerawattanasuk, (2008) ; Briançon and Villard, (2008) ; Chen et al., (2008) ; Li and Rowe, (2008) ; Rowe and Taechakumthorn, 2008; Sarsby, (2007) . Bonaparte and Berg (1987) ) have utilized the tensioned membrane theory with a consideration of the soil arching effect. Poorooshasb (2002) has studied on subsidence evaluation of geotextile reinforced gravel mats bridging a sinkhole by integro differential numerical technique. Yoo and Shin (2000) and Tahmasebipoor et al. (2010) have conducted a parametric study on the effect of reinforcing layouts on the deformation behavior of the tunnel face and on the effect of geotextile reinforcing laid outs on stability of soil over a circular underground cavity respectively.
This study compared the proposed 'Replacement Weighted Area' method with the established 'Same Area Replacement Ratio' using a numerical model based FEM in plane strain element and field observations. In addition, a parametric study has been conducted of geotextile-reinforced soil in different layers in the embankment.
Methods of Study
FEM analyses were performed on assuming two-dimensional model in which the DCM columns were modeled as mixed up with soil surrounding columns. In 'Replacement Weighted Area' method an equivalent modulus of elasticity of soil and DCM columns has been used to evaluate from three-dimensional model converted into two-dimensional model according to area replacement ratio. However, in case of 'Same Area Replacement Ratio' method DCM columns from three-dimensional model converted into two-dimensional model has been considered as beam elements. An equivalent width of beam element depends on area replacement ratio and spacing of DCM column-as described hereunder.
An equivalent modulus of elasticity, E eqv of DCM and soil surrounding of DCM columns by the 'RWA' method is expressed in Eqs. (1) (1)
Where, E DCM and E soil are the modulus of elasticity of DCM column and soil surrounding columns, respectively and a s is the area replacement ratio, defined by the Eqs. (2).
(2)
A col and A soil are the area of DCM column and soils surrounding columns respectively as shown in Fig. 1 . From the equilibrium principle of 'Same Area Replacement Ratio' in simplifying a 3-D dimensional problem to a two dimensional problem, the spacing of the column is related to the width of column in the two dimensional model. An equivalent width of DCM column in 2-D model is presented by the Eqs. (3).
Where s is spacing of column in three-dimensional problem and a s is the area replacement ratio is defined by the Esq. (4).
(4)
Where, A col and A soil are the area of column and area of soil surrounding columns, respectively.
In addition, a series of parametric has been conducted using a numerical model based FEM in plane strain element by the PLAXIS software.
Material and Numerical Modeling
Analysis of the Effects of Deep Cement Mixing (DCM) Columns
The geometry of the embankment with subsoil's profile is shown in Fig. 3 and the physical and engineering characteristics of materials used in the numerical analyses have been listed in Table 1 and Table 2 .
The area replacement ratio, a s , according to the configuration of DCM column pattern arrangement as shown in Fig.  4 has been calculated to be 44%. The diameter of DCM column is 1.9 meter and center to center spacing of the DCM column is 1.8 meter. The length of the DCM column is 15 m and 10 m alternatively with 10 meter length of H-pile (having cross-section 300 × 300 × 10 × 15 mm) are used in this study. The deformations of the deep sandy gravel and silty sand layers shown in Fig. 3 are assumed to be zero. Hence these two layers were not included in the model and fixed base has been used in the model instead of two layers of gravel and sand. The finite element mesh by 'Replacement Weighted Area' and 'Same Area Replacement Ratio' in plane strain element is shown in Fig. 5 .
Analysis of the Effect of Geotextile
A series of parametric finite element analyses were performed in order to investigate the effect of influencing parameters on the stability of the geotextile-reinforced soil in the different layers of embankment. Parametric studies have been evaluated based on the effect of geotextile inclusion and variation of its tensile stiffness, length and number of layers of geotextile by the vertical and horizontal dis- placement as well as safety of factor analysis. The finite element mesh of geometry is presented in Fig. 6 . The material property of reinforcement in the elastic axial stiffness (EA) has been used in this numerical analysis model based FEM in plane strain element. In this study, finite element method analysis are performed with using a wide range of geotextile tensile stiffness, EA geo = 100, 500, 1000, 2000, and 5000 KN/m; the length of geotextile at 20 m, 35 m and 50 m; and number of geotextile layers n = 1 layer, 2 layers, 3 layers and 4 layers etc.
Results of Numerical Analyses
Effects Deep Cement Mixing (DCM) Columns
The numerical analyses by two method (i) 'Replacement Weighted Area' and (ii) 'Same Area Replacement Ratio' in plane strain elements with PLAXIS 8.2 computer software, has been predicted the maximum settlement, horizontal displacement and safety factor of the embankment as shown in Table: 3 The results in Table 3 shown that the vertical settlement and lateral displacement calculated by (RWA) and (Same a s ) methods in plane strain elements are reasonably closer values. Both of methods of 'Replacement Weighted Area' and 'Same Area Replacement Ratio' in plane strain element have shown almost same safety factor result.
After 556 days, the field observation of maximum settlements and horizontal displacements were measured 2.59 meter and 32.20 centimeter respectively from the gauges. The vertical settlement and horizontal displacement found to be increased with time is shown in Fig. 8 and subsequently it matched nearly with the predicted limit.
The effect of the two method have indicated almost same settlement at the center of the embankment but it little varied at the toe of the embankment as shown in Fig. 7 . The lateral displacement predicted by (RWA), (Same a s ) in plane strain and field observed horizontal displacements under the toe of the embankment at 470 and 556 days are presented in Fig. 8 . The lateral displacements predicted by (RWA) and (Same a s ) methods in plane strain element showed very little differences. The lateral displacement predicted by 'Replacement Weighted Area' was very close in lower depth (within −5 to −20 m) but it varied in little amount (within −5 to +5 m) from field observation and (Same a s ) method in plane strain elements as shown in Fig. 8 . The difference was observed as, area replacement ratio a s was used in both the proposed 'Replacement Weighted Area' and 'Same Area Replacement Ratio' methods to calculate the effects of DCM columns. Only converting method was different of DCM column model from three-dimension to two-dimension. In case of 'Same Area Replacement Ratio' DCM columns from three-dimensional model converted into two-dimensional model considered as beam elements. The width of beam element depends on area replacement ratio and spacing of DCM columns. In case of 'Replacement Weighted Area' DCM columns converted from three-dimensional to two dimensional model by theoretically mixing up soils surrounding DCM columns according to area replacement ratio. An equivalent modulus of elasticity of DCM columns and soils surrounding DCM column has been used to evaluate the effects DCM columns by the 'Replacement Weighted Area' in plane strain elements.
The observed lateral displacement was greater at 556 than 470 days i.e. the horizontal displacement increased with time and would nearly matches with the predicted one. The horizontal displacements were predicted by 'Replacement Weighted Area' varied little bit from (−5 m to +5 m) from 'Same Area Replacement Ratio' in plane strain elements. Because for 'Replacement Weighted Area' an equivalent modulus of elasticity others soil parameters were calculated from DCM column and soils surrounding DCM column according to area replacement ratio. But in case of 'Same Area Replacement Ratio' DCM circular column converted into beam element according to area replacement ratio and spacing of DCM columns. There was no need to evaluate the equivalent parameters from DCM and soils parameters surrounding DCM column. The results between two methods in plane strain element varied little bit due to above mentioned fact. A very little difference of horizontal displacement only in the upper part of graph shown in Fig. 8 is very reasonable difference in geotechnical engineering problem.
Effects of Geosynthetics (geotextile)
Effect of Tensile Stiffness of Geotextile
The effect of tensile stiffness of the single layer geotextile have been studied for different stiffness equal to 100kN/m, 500 kN/m, 1000 kN/m 2000 kN/m and 5000 kN/m. In this analysis, the length of the geotextile layer has been considered as 50 m. It was observed that the vertical settlement decreased with increasing the stiffness of the reinforcing layer, because the load carried by the reinforcement is in proportion to its stiffness. For example, when tensile stiffness of geotextile increases from 100 to 5000 kN/m, the surface settlement decreased from 3.49 to 3.24 m, it was about 25 cm. The vertical settlement of the ground surface varied with the tensile stiffness of the geotextile is shown in Fig.  9 . It was also observed that the lateral displacement reduced with increasing in stiffness of the reinforcing layer, because the effective characteristics of geosynthetics (geotextile) Fig. 9 . Effect of geotextile tensile stiffness on settlement of ground surface under embankment. having high tensile capacity but soil does not have that property. The tensile load carried by the geotextile reinforcement is directly proportional to its stiffness. For example, when tensile stiffness of geotextile increases from 100 to 5,000 KN/m, the lateral soil displacement has reduced from 44.07 to 41.64 cm, it was about 25 mm. The lateral soil movement varied with the tensile stiffness of the geotextile as shown in Fig. 10 . Fig. 10 . Effect of geotextile tensile stiffness on lateral displacement at toe of the embankment.
The safety factors, FS, summarized in Table 4 were determined from FEM analyses. It was observed that the stability of embankment has been increased with increasing the stiffness of geosynthetics but it has increased rapidly in early stage and then slowed down when the stiffness of geosynthetics was greater than about 1000 kN/m shown in Fig. 11 . Fig. 11 . Factor of safety variation with stiffness of geosynthetic.
Effect of Length of Geotextile
The effect of length of geotextile layer on settlement of ground surface has been studied for different length at 50 m, 35 m and 20 m and tensile stiffness equal to 1000 kN/m. Fig. 12 has shown that the effect of length of reinforcement layer on vertical settlements for different length of the geotextile. It is observed that the settlement has been decreased with increasing the length of geotextile reinforced soil. It was decreased from 3.57 to 3.24 m. It was about 33 centimeters. The effect of length of reinforcement layer on lateral movement for different length of the geotextile is shown in Fig. 13 . In this observation, It has seen that horizontal displacement decreased with increasing the length of reinforcement and then become approximately constant even though there was further increasing the length of geotextile layer. In this case, the lateral displacement was decreased about 40 mm and the length of geotextile 50 and 35m has given almost same lateral displacement in Fig. 13 . So in this analysis, the critical length of reinforcement layer was 35 m. 
Effect of Number of Geotextile Layers
To investigate the effect of reinforcement layer numbers on settlement and lateral displacement, a series of analysis have been carried out on model with different number of geotextile layers for tensile stiffness equal to 1000 KN/m. In all analyses, the length of reinforcement layer was constant and equal to 35 m. Fig. 14 and Fig. 15 has shown the effect of number of geotextile layer on maximum settlement of ground surface and the lateral displacement at same tensile stiffness. From this analysis, it has been observed that the settlement and lateral displacement decreased with increasing the number of reinforcement layers and then becomes approximately constant even though there was further increasing the number of geotextile layers. It has clearly indicated that there was a reduction of settlement up to maximum extent at that particular stiffness. The critical number of geotextile is equal to 3. Tahmasebipoor et al. (2010) investigated the behavior of geotextile-reinforced soil above an underground cavity. The effects of geotextile tensile stiffness (20 KN/m to 1000 KN/m), length (8 m to 13 m) and number of reinforcement (1 to 7) layers have been investigated. These results have indicated that maximum ground surface settlements reduced with increasing the stiffness of reinforcement as well as settlements reduced with increasing the length and number of reinforcement. Tahmasebipoor et al. (2010) found that ground surface settlement reduced with increasing the stiffness, length and number of geotextile layer is about 10~35 mm from a parametric study of stability of geotextile-reinforced soil above an underground cavity.
Conclusions
This paper compared the proposed 'Replacement Weighted Area' method with the established 'Same Area Replacement Ratio' method using a numerical model based Finite Element Method in plane strain element and field observation. Summary of findings and recommendations based on present research are follows:
1. The 'Replacement Weighted Area' and 'Same Area Replacement Ratio' in plane strain element have indicated almost identical value of surface settlement.
2. The maximum lateral displacements predicted by 'Replacement Weighted Area' in plane strain are reasonably closer values to results obtained from 'Same Area replacement Ratio' and field observations.
3. From safety analysis point of view, 'Replacement Weighted Area' method indicated almost equal of factor of safety as compared with 'Same Area Replacement Ratio' in Plane strain elements.
The results from the effects of DCM column with soils surrounding DCM columns would be easily calculated by 'Replacement Weighted Area' and satisfactory results have been found in comparison with field observation and 'Same Area Replacement Ratio' in plane strain elements. So these results have verified that the 'Replacement Weighted Area' method in plane strain element can be applied to calculate the effects of DCM column with soils surrounding DCM columns as well.
Regarding the Influences of geosynthetics (geotextile) analyzed by a series of parametric study, following conclusions have been drawn: (i) The maximum vertical settlement of ground surface and horizontal displacement has been reduced with increasing the stiffness of the reinforcement soils.
(ii) The maximum settlements of ground surface and horizontal displacements were decreased with increasing the length of reinforcement. However, a critical length has been observed in this study, beyond which no significant effect on reduction of settlements and horizontal displacement has been found. In this study the critical length of geotextile has (iii) The maximum settlements of ground surface and maximum horizontal displacements have been found in reducing trend with increasing the number of geotextile layers. However a critical number of geotextile layers found, beyond which no effects in settlements and horizontal displacements reduction was observed. In this study the critical number of geotextile layer is found to be 3 for EA equal to 1000 KN/m and L = 35 m.
(iv) The FS has been found to be increasd rapidly in early stages and subsequently slow down when the tensile modulus of geosynthetics is greater than 1000 kN/m.
